We use Angle Resolved Photoemission Spectroscopy (ARPES) to study the relationship between the pseudogap, pairing and Fermi arcs in cuprates. High quality data measured over a wide range of dopings reveals a consistent picture of Fermiology and pairing in these materials. The pseudogap is due to an ordered state that competes with superconductivity rather then preformed pairs.
I. INTRODUCTION
The pseudogap is one of the most interesting aspects of the physics of the cuprates, second only to their unusually high transition temperatures. Since its discovery 1-4 , the origin of the pseudogap and its relationship to high temperature superconductivity has been a subject to intense debate over the last two decades 5 . One of the most popular models is based on the existence of pre-formed pairs 6 , but other models invoking the presence of an ordered state have been proposed too [7] [8] [9] [10] . A circular dichroism in the pseudogap state was discovered by early ARPES experiments 11 and presence of staggered magnetic field was detected using high precision magneto-optical Kerr effect 12 as well as neutron scattering measurements 13 . Early STM measurements revealed presence of checker board pattern consistent with charge ordering in the cores of the vortexes 14 then in heavily under doped samples 15 and moderately doped samples 16 . More recently series of high precision X-ray scattering experiments detected fluctuating charge density order within pseudo gap state [17] [18] [19] . All these findings point to the fact that pseudo gap is a manifestation of an ordered states or perhaps interplay of two ordered states involving charge and magnetic moment.
Angle Resolved Photoemission Spectroscopy (ARPES) has played a very important role in elucidating the electronic properties of the cuprates 20, 21 . Examples of ARPES data measured on Bi2201 samples along with a diagram of the Fermi surface are shown in Fig. 1 . Indeed, due to it's unique momentum resolution, ARPES was one of the techniques of choice in studies of the pseudogap 22, 23 and the one that led to discovery of Fermi arcs 24 . The classical definition of the Fermi surface is a set of closed contours in momentum space that separates the occupied and unoccupied states. Fermi arcs, being disconnected and possessing by definition "end points" are a highly unusual concept in "classical" condensed matter physics.
Many of the early studies of the pseudo gap and Fermi arcs relied on line shape analysis, primarily Energy Distribution Curves (EDCs). The signature of the pseudogap in symmetrized EDCs is shown in Fig. 2 . The spectra is considered as "gapped", when a dip or flat top are present at E f . A single peak at E f is considered evidence for no gap. This conventional approach led to several important advances such as measurements of the superconducting gap anisotropy. Yet, at the same time, it has limitations, particularly when broad spectral peaks are present in the pseudogap state at the antinode. Here we revisit 3 these issues using very high quality data and a novel quantitative analysis. This approach is more objective, has higher sensitivity to spectral changes and is rooted in the basic definition of the energy gap, based on the density of states.
We demonstrate that at low temperature in optimally and under doped cuprates, two distinct gaps are present: the superconducting gap and a pseudogap. They represent different energy scales that evolve in distinct ways with momentum, temperature and doping.
Furthermore, we show that the pseudogap competes with superconductivity by depleting the low energy electrons in the antinodal region, that otherwise would form pairs below T c .
In the under doped materials therefore, only a small portion of the Fermi surface close to the nodal region contributes to the superfluid density. Our quantitative approach provides evidence of pairing above T c and allows us to detect the onset temperature of pairing T pair that is significantly lower than the pseudo gap temperature T*. ARPES data was acquired using a laboratory-based system consisting of a Scienta SES2002 electron analyzer and GammaData helium UV lamp. All data were acquired using the HeI line with a photon energy of 21.2 eV. The angular resolution was 0.13
• and ∼ 0.5
• along and perpendicular to the direction of the analyzer slits, respectively. The energy Custom designed refocusing optics enabled us to accumulate high statistics spectra in a short period of time with no sample surface aging from the absorption or loss of oxygen.
Special care was taken to purify the helium gas supply for the UV source to remove even the smallest trace of contaminants that could contribute to surface contamination. Typically no changes in the spectral lineshape of samples were observed in consecutive measurements performed over several days. We constructed a sample manipulator with the tilt and azimuth motions mounted on a two stage closed cycle He refrigerator. To measure the partial density of states along a direction perpendicular to the FS we controlled the sample orientation in-situ. Specially designed temperature management system allowed us to rapidly change sample temperature. This was critical for obtaining high density of data points in temperature scan and further limit sample aging. Measurements were performed on several samples and we confirmed that all yielded consistent results. 
III. RESULTS AND DISCUSSION

A. Two energy gaps
The issue of one vs two energy gaps is directly tied to the origin of the pseudogap. If the pseudogap is a state of pre-formed pairs, then naturally the energy gap arises from pairing and has the same form for all temperatures below T* as reported in number of studies [25] [26] [27] [28] . However several other studies including Raman Spectroscopy, ARPES and STM 29-33 reveal certain differences in the behavior of the energy gap close to the node compared to the antipodal region. More precisely, the spectral gap follows the behavior expected of d-wave pairing gap only in regions of momentum space close to the node. In the antinodal regions there are significant deviations from d-wave behavior. For example, the antipodal gap magnitude continuously increases with decreased doping, despite a decrease of T c and it is almost temperature independent up to T*. We illustrate this in Fig. 3 , where the magnitude of the "spectral gap" (we use that term to refer to the gap extracted from the data to avoid bias) is plotted for three doping levels, below and above T c . The antinodal region. This becomes more extreme in underdoped samples (panel a). It is also worth noting that the maximum value of the spectral gap at the antinode for the UD23K sample is larger by a factor of 2 than that of the OP35K sample, despite an actual decrease of the superconducting critical temperature. These data suggest that the spectral gap in under doped cuprates has two components, namely a d-wave superconducting gap and a pseudogap. The two gaps have different momentum, doping and temperature dependences.
The superconducting gap follows the doping dependence of T c , vanishes well below T* and has pure d-wave momentum dependence. The pseudogap, in contrast, continuously increases with decreased doping, persists up to T* and only exists close to the antinode.
Perhaps the most convincing evidence for the existence of two distinct gaps in the cuprates is found by examining very carefully the temperature dependence of very high quality EDC data (Fig. 4) . Blue lines mark the peak positions and therefore the magnitude of the gap.
As the temperature is increased, the gap actually increases in magnitude, only to vanish close to the T*. This behavior is illustrated in panel b, where we plot the magnitude of the spectral gap as a function of temperature for several doping levels. Such a violation of monotonicity is completely inconsistent with a single gap picture and can be only explained by the two gap scenario. More precisely, below T c , sharp quasiparticle peaks mark the location of the d-wave pairing gap. As T c is approached, those peaks vanish and reveal a second gap of larger magnitude that persists up to T* and it is this therefore that is the proper pseudogap. In heavily underdoped samples (e. g. UD25K) the pseudogap is so large, that no quasiparticle peaks are present at the antinode even at the lowest temperature. In overdoped samples, the pseudogap is much smaller than the pairing gap, which dominates the spectra and preserves the monotonicity. In the range of doping where the magnitude of the pseudogap is larger than pairing gap, but not large enough to wipe out the quasiparticle peaks, non-monotonic behavior is observed.
B. Competition between the pseudogap and superconductivity
Now that we have demonstrated the existence of two energy scales in the cuprates, a natural question arises about their mutual relationship. The most direct way to answer this is to look how these two energy scales affect the spectral properties. As we mentioned in the introduction, conventional line shape analysis is difficult to utilize here. Instead, we use the quantitative analysis shown in Fig. 5ab 36 . In the pseudogap state, the spectral weight near E f decreases upon cooling. The change in this spectral weight (marked in red in the insert of panel 5c) is a good measure of the "strength" of the psudogap. In the superconducting state, however, the formation of quasiparticle peaks occurs at the pairing gap edge (marked in blue areas in panel 5d). These peaks signify the contribution to a superfluid density from this region of momentum space 35 . The temperature dependence of both quantities is shown in panels 5 c and d. The pseudogap weight decreases linearly to zero at T*, while the quasiparticle weight vanishes at T c . To study the relationship between the two quantities we plot in Fig. 5e the weight of the quasiparticle peaks versus pseudogap weight for momentum points, where they are non-zero. For all three dopings, there is a strong anti-correlation between the two quantities. The superconducting quasiparticle peak weight decreases as the pseudogap weight increases at all momentum points and all three dopings. Such a strong anti-correlation is definitive proof that the two phenomena compete for available states near E f . In Fig. 5f we look at the momentum dependence of the normalized weight of the quasiparticle peaks. If the pseudogap really was a state of pre-formed pairs, the weight transferred from near E f , should re-condense into coherent pairs below T c , thus the quantity shown in Fig. 5f should remain at 100% for all momentum points. Instead we observe a strong depletion of the quasiparticle weight in the antipodal region (where the pseudogap is strongest), that increases with decreased doping. In heavily underoped sample (green curve), the pseudogap completely dominates the antipodal region and there are no quasiparticle peaks, thus only areas close to the node participate in superconductivity. This again signifies that the pseudogap competes with the formation of coherent pairs. These conclusions are in good agreement with thermodynamics studies 34 and were recently confirmed by another ARPES study 37 .
C. Pairing above T c
Competition of the pseudogap with superconductivity does not preclude the formation of Cooper pairs above T c . Indeed, several thermodynamical and transport studies report signatures of pairing above T c , which do not however persist up to T* 41, 42, [44] [45] [46] 48 . We find spectroscopic evidence of pair formation and were able to establish the value of the pairing temperature using our quantitative approach 49 . In Fig. 6 we plot a detailed temperature dependence of the spectral weight in Bi2201 at E f (integrated within 10 meV) and antinodal crossing for several doping levels. In the heavily underdoped sample (panel a), where the spectrum is completely dominated by the pseudo gap (as demonstrated in the section above), this weight is linear with temperature. Such linear behavior is a signature of the pseudogap.
As we increase the doping, there is a deviation from such linear form, and the weight at E f decreases faster below certain temperature (marked by the red arrow and referred to as T pair ). We note that there are no other striking features in this dependence as we cross T c .
This is a strong evidence that pairing occurs already at T pair and partially coexists with the pseudogap. With increased doping, the weight lost to the pseudogap (blue area) decreases and the area related to pairing increases -signifying an increase in superfluid density. This is consistent with direct measurements of the superfluid density by µSR 34 . We also note that the pairing temperature reaches 150K in Bi2212, which likely sets the maximum achievable critical temperature in cuprates. This also resolves the controversy between the existence of two distinct energy scales and reports of a continuous evolution of the gap across T c 25-28 .
Below T pair , a d-wave pairing gap is present in the spectra, therefore no dramatic changes in the gap properties are observed. Only at higher temperatures, do distinct features of the pseudogap manifest themselves.
D. Real Fermi arcs
The discovery of spectroscopic signatures of pairing is very closely related to the issue of Fermi arcs. Earlier studies reported a linear dependence of the length of these arcs with temperature 50 . This was interpreted in a quite natural way as the interplay of a dwave pairing gap and strong scattering that exists above T c 52 . When the scattering rate exceeds the magnitude of the gap, symmetrized spectra lack the dip at E f and appear gapless. Since the d-wave gap is smallest in the nodal region, this part of the Fermi surface appears gapless, while spectra away from the node still bear the signature of the gap. As the temperature increases, so does the scattering rate and a larger portion of the Fermi surface appears "normal". This gives the appearance of arcs expanding with increasing temperature. To examine this issue in detail we again utilize our quantitative approach 51 . The most sensitive probe of the opening of an energy gap is the density of states (DOS) at E f . To obtain momentum dependent information we note that the area of the MDC at E f along a cut in momentum space represents a contribution to the DOS(E f ). When this quantity is integrated over the Brillouin zone, it is directly proportional to DOS(E f ) modulo matrix elements. To detect the opening of an energy gap we monitor the area of the MDC (A M DC ) along a cut as a function of temperature. In the absence of gap, this quantity should be constant, since it is independent of the scattering rate (only the width of the MDC increases with the scattering rate). As the gap opens, this quantity should decrease, and any departure 
IV. CONCLUSIONS
In summary, we arrived at a consistent Fermiology of pseudogap state in cuprates by utilizing a quantitative approach to ARPES data. This picture reconciles most major controversies and is summarized in Fig. 8 . 
